To date, there has been limited evidence to reveal the effect of terahertz radiation on sperm. In this study, semen samples were collected from males who had just finished a prepregnancy computer-assisted semen analysis (CASA). The motility, intracellular concentration of free Ca 2+ and DNA integrity of sperm with or without terahertz (0.1 to 3 THz) irradiation at 60 µW/cm 2 were assessed. We found that terahertz irradiation for more than 5 minutes significantly increased the progressive motility percentage of sperm, and the DNA integrity was not changed. We also found that the effect of terahertz irradiation on spermatozoa was weakened by reducing the concentration of extracellular calcium ions or by blocking calcium channels.
Introduction
Electromagnetic waves (EMWs) affect living cells. The effects of electromagnetic irradiation on organisms can be divided into ionizing irradiation and nonionizing irradiation effects. The harmful effects of ionizing irradiation on biological systems are obvious, while the effect of nonionizing irradiation on organisms is one of the hotspots of current research [1] . The sperm cell is very sensitive and fragile, especially in vitro, where these cells are more sensitive to a variety of stimulators. Studies have found that nonionizing irradiation has significant effects on sperm in vitro. Infrared and some regions of visible light have a positive effect on sperm. Visible light can induce nitric oxide (NO) formation in bovine endothelial and sperm cells [2] and can increase the intracellular calcium concentration in mouse and bovine sperm [3] [4]; these changes account for the enhanced fertilization rate in these conditions. In sperm cells, NO has a major effect on the mobility of the spermatozoa [5] , as well as an essential role in the acrosome reaction [6] . Another study found that the concentration of intracellular free calcium ions is higher in hyperactivated sperm than in nonhyperactivated sperm [7] . Radiofrequency irradiation has a negative effect on sperm. Electromagnetic fields are recognized as hazards that affect testicular function by generating reactive oxygen species (ROS) and reducing the bioavailability of androgen to maturing spermatozoa [8] . Microwave irradiation usually has negative effects on sperm. It increased the mitochondrial ROS generation in human spermatozoa, decreased the motility and vitality of these cells, stimulated DNA base adduct formation and ultimately led to DNA fragmentation [9] . However, there is a "forgotten" EMW, the terahertz wave, which was hard to stably generate until the past few decades. Terahertz waves are EMWs with frequencies from 0.1 to 10 THz, which is between the microwave and far-infrared frequencies. Unlike the other EMWs, which have been studied for centuries, people knew very little about terahertz waves until a stable irradiation generator and detector were produced in the late 1980s. Terahertz waves have been well studied in the industrial field, and the associated production processes and safety inspections are well developed. At present, the research on terahertz radiation in the field of biomedicine is limited and reported studies have already tried to use terahertz waves to facilitate the diagnosis of diseases and the detection of biological substances [10] . However, very few studies explored the effect of terahertz irradiation on biological cells or tissues, and no studies reported the effect of terahertz irradiation on sperm.
In this study, we found that terahertz irradiation increased the mobility of sperm in vitro, and we examined the potential mechanism of the effect of terahertz irradiation on sperm, revealing that Ca 2+ influx activities might mediate this effect.
Materials and methods

Collection of semen samples
From January 2017 to December 2017, 2 ml of semen that was obtained by masturbation and that remained after patients' routine computer-assisted semen analysis (CASA) in our hospital was retained after their informed consent. This study was carried out in accordance with the ethical standards of the Helsinki Declaration. According to the fifth edition of the WHO laboratory manual for the examination and processing of human semen, patients with severe asthenospermia (1%≤progressive motility (PR)<10%) were excluded because these samples are usually considered to have significant organic contaminants. In other words, this study included normal males and patients with mild (20%≤PR<32%) or moderate (10%≤PR<20%) asthenospermia.
Semen preparation
The semen was placed in 37°C for 1 hour. If the semen was liquefied, the next step of the experiment was carried out. A total of 100 semen specimens were obtained for this experiment, including 20 from normal patients, 60 from mild asthenospermia patients and 20 from moderate asthenospermia patients. Each semen specimen was divided into experimental group and control group for self-control.
CASA
A standard count four chamber 20 mm-depth slide was prewarmed at 37°C. Five-microliter semen samples were placed on the slide and analyzed by CASA with software (IVOS CASA system, Hamilton-Thorne Biosciences). For each sample, up to 10 30-s sequences were acquired. According to human sperm motility parameters, at least 100 cells in each sample were analyzed.
Terahertz irradiation system
A terahertz irradiation generation and inspection equipment (Mini-Z, Zomega Terahertz Corporation, Troy, NY 12180) is set up for terahertz irradiation and detection (0.1-3 THz). The average power emitted by our terahertz generator was measured by a Bolometer (CA-CFW-S,IRLabs Ins. US) and the measured power was about 4.2 μW. Such THz wave was focused on the sample through a convex lens and generated a 3mm diameter spot which can cover most of the droplet of the semen specimens, corresponding to an average intensity about 60 μW/cm 2 . The semen counting plate was fixed by a combined metal holder. All experiments were performed in a warm room, and the environmental temperature and relative humidity were steadily controlled at 37°C and 60%, respectively.
Assessment of DNA integrity
The DNA fragmentation index (DFI) was assessed by the sperm chromatin dispersion test using a Halosperm kit (Halotech DNA, S.L, Spain). The method was performed according to the manufacturer's directions. Sperm was embedded in agarose and exposed a lysis solution, followed by alcohol dehydration and staining. Then slides were examined to detect presence of halos. Sperm with large /medium sized halos were considered to have intact DNA. Sperm cells with small, degraded or absent halos were considered to have fragmented DNA. For each sample, 500 spermatozoa were used.
Determination of the intracellular calcium concentration in sperm cells
We assessed the intracellular concentration of free Ca 2+ by the fluorescent calcium indicator, Fluo-4/AM. Washed sperm cells (1 Ч 10 7 cells/ml) were incubated with 1 mM Fluo-4/AM for 1 hour. To remove the extracellular Fluo-4/AM, the loaded cells were washed three times. The cells were resuspended in a transparent medium containing calcium and then placed in a black 96-well plate. Immediately after irradiation, the fluorescence was immediately measured by a Tecan Spectro fluorometer microplate reader (excitation wavelength of 488 nm and emission wavelength of 516 nm).
Statistical analysis
All statistical analyses were performed with IBM SPSS, v.21.0 (IBM, Armonk, NY) and GraphPad Prism 7 (La Jolla, CA). Continuous variables were presented as the mean (standard error of mean) and were compared by Student's t test. All statistical tests were two sided, and p<0.05 was considered significant.
Results
Terahertz irradiation increased the progressive motility percentage of sperm, with an effect lasting more than 60 minutes
A total of 60 samples of semen from 20 normal males, 20 mild asthenospermia patients and 20 moderate asthenospermia patients were taken. After liquefaction, 5 µl of semen was placed in two sperm counting plates, plate A and plate B. Plate A was the experimental group, and plate B was control group. Before and at 5, 10, 20, 40, and 60 minutes after the start of irradiation, under an Olympus phase-contrast microscope (model CX31), CASA was performed for both groups. For semen samples from the mild asthenospermia patients, the PR percentage was higher in the experimental group with terahertz irradiation than in the control group without terahertz irradiation, the difference between the experimental group and the control group was statistically significant from the fifth minute. However, for normal and moderate asthenospermia patients, the differences were statistically significant from the 20th minute. Therefore, sperm from mild asthenospermia patients was considered the most sensitive to the terahertz irradiation, and subsequent experiments were carried out by using samples from such patients ( Fig. 1(A).) . At the end of 60-minute irradiation, the differences between the experimental group and the control group reached maximum ( Fig. 1(B) .). The detail data of progressive motility percentage of sperm during irradiation is provided in Appendix A, Table 1 .
Next, a total of 10 samples of semen from mild asthenospermia patients were taken. The experimental group received additional terahertz irradiation for 60 minutes. Then, the two groups were placed in the original environment. After 0, 10, 30, 60, 120 and 180 minutes, the sperm activity of two groups was determined by the aforementioned methods. After 60 minutes of terahertz irradiation, the improvement in sperm quality in the experimental group compared to that in the control group was statistically significant for more than 60 minutes after the irradiation stopped ( Fig. 1(C) .). The detail data of progressive motility percentage of sperm after irradiation is provided in Appendix B, Table 2 . The experimental groups received terahertz irradiation, while the control groups did not. The PR percentage of sperm was measured from the beginning to 60 minutes by CASA. The results are presented as median with the standard error of the mean. "N" stands for results from normal patients, "Mi" stands for results from mild asthenospermia patients, and "Mo" stands for results from moderate asthenospermia patients. (B) The experimental groups received terahertz irradiation for 60 minutes, while the control groups did not. The PR percentage of sperm was measured at the end of irradiation. The results are presented as median with quartile and extremum. "E" stands for experimental group, "C" stands for control group, "N" stands for results from normal patients, "Mi" stands for results from mild asthenospermia patients, and "Mo" stands for results from moderate asthenospermia patients. Samples were taken from 20 normal patients, 20 mild asthenospermia patients and 20 moderate asthenospermia patients. Each sample was divided into experimental and control group. (C) The experimental groups received terahertz irradiation for 60 minutes, while the control groups did not. After irradiation, the PR percentage of sperm was measured by CASA from the beginning to 180 minutes. Samples were taken from 10 mild asthenospermia patients and each sample was divided into experimental and control group. *p<0.05
Terahertz irradiation did not affect the DNA integrity
A total of 10 samples of the semen from mild asthenospermia patients were taken and each was divided into 3 groups, the experimental group, the control group and the H 2 O 2 group (for positive control). H 2 O 2 , a kind of peroxide, was chosen for positive control to induce sperm nucleus fragmentation. The experimental group was irradiated for 60 minutes. The H 2 O 2 group were incubated with 100 mM H 2 O 2 for 10 min. After irradiation, the mean DFI of the experimental group was 28.62 ± 2.05%, and the mean DFI of the control group was 28.34 ± 1.98%. There was no significant difference in DFI between the experimental group and the control group (Fig. 2) . 
Terahertz irradiation can increase the intracellular calcium concentration in sperm
Another 10 samples of semen from mild asthenospermia patients were taken and each was divided into the experimental and control groups. In the experimental group, after 5 minutes of terahertz irradiation, the calcium concentration in the sperm was significantly higher than that in the control group, which did not receive irradiation (see Fig. 3 ). The detail data of intracellular calcium concentration during irradiation is provided in Appendix C, Table 3 .
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Fig. 3. Effect of terahertz irradiation on the intracellular calcium concentration in sperm.
Sperm cells were incubated with Fluo-4/AM as described and then irradiated for the specified duration. Fluorescence was measured immediately after the irradiation. Samples were taken from 10 mild asthenospermia patients and each sample was divided into experimental, control group. *p<0.05
Effects of terahertz irradiation on sperm motility are affected by calcium channels and the extracellular calcium concentration
Another 10 samples of semen from mild asthenospermia patients were taken and each was divided into the experimental and control groups. Washed sperm cells (100 µl) from these samples were incubated with 1 mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 30 mM nifedipine or EGTA with Ca 2+ . Ten minutes later, the experimental group was irradiated for 60 minutes. Sperm motility was measured using CASA after irradiation. When calcium channels were inhibited and when the extracellular calcium concentration decreased, the motility of sperm decreased, but the sperm activity in the experimental group receiving terahertz irradiation was still higher than that in the control group without irradiation, although the difference was not significant. However, for the sperm incubated with EGTA with Ca 2+ , irradiation still caused significant enhancement of motility (see Fig. 4 ). The detail data of sperm motility is provided in Appendix D, Table 4 . Ten minutes later, the experimental group was irradiated for 60 minutes. Sperm motility was measured using CASA after the irradiation. Samples were taken from 10 mild asthenospermia patients and each sample was divided into all groups. *p<0.05
Discussion
Terahertz waves, also known as T-rays, are a form of EMW. The frequency range of terahertz waves is 0.1 THz to 10 THz, (1 THz = 10 12 Hz), the wavelength is 1 Ч 10 −3 m to 1.5 Ч 10 −5 m, and the corresponding photon energy is 2 Ч 10 −22 J to 11.3 Ч 10 −20 J. The photon energy of a terahertz wave is low, and the photon energy at the 1 THz frequency is approximately 4 mV, which is 10 7 -10 8 times weaker than the photon energy of an X-ray. Therefore, terahertz waves do not cause ionizing effects on biological tissue, and terahertz waves are safe for both biological samples and operators. Recently, terahertz pulsed imaging (TPI) technology has been used to assist in the diagnosis of basal cell carcinoma [11] , breast cancer [12] , liver cancer [13] , cervical cancer [14] , etc. In addition to being used for the diagnosis of tumors, researchers have also applied TPI to the detection of bacteria, successfully identifying the type of gram staining of 5 different bacteria in the experiment [15] . In addition, some scholars suggest that the use of terahertz waves can both qualitatively and quantitatively detect Escherichia coli [16] . Other studies have confirmed that the concentration of prostate cancerspecific antigen and a variety of biological materials can be quantitatively detected in real time by a label-free THz biosensor [17] .
However, no previous studies have reported the effect of terahertz irradiation on sperm. Thus, our study is the first to discuss the effect of terahertz irradiation on human sperm. In our study, sperm from mild asthenospermia patients was the most sensitive to terahertz irradiation. Only 5-minute irradiation can cause significant enhancement of motility, and the effect can last for more than 60 minutes. In addition, the irradiation did not affect the DNA integrity, with the proportion of forward spermatozoa increasing and DFI not increasing. Some studies also reported the effect of other rays on sperm motility. Shahar's study demonstrated that exposure to visible light at 40 mW/cm 2 for 3 minutes increased the hyperactivated motility of capacitated sperm for at least 3 hours, but no effect was seen on total motility [18] . A 30-minute infrared laser pulse of 50 mW/cm (2) at 905 nm can also increase sperm motility, especially in asthenospermic samples [2] . In contrast, 6-hour daily radio frequency radiation from a cell phone for 18 weeks can significantly decrease sperm motility of rats [19] .
Terahertz waves, as a kind of EMW, produce a thermal effect on the irradiated object, which may increase the enzyme activity when the radiation acts on the cell. However, in this study, the environmental temperature was strictly controlled, and the emission power of our terahertz generator was only 60 µW/cm 2 . Therefore, the thermal effect caused by terahertz irradiation in this experiment was negligible. We guess that terahertz irradiation may stimulate some cellular processes by a photochemical reaction. Our study showed that the terahertz irradiation-enhanced sperm motility was achieved by increasing the calcium concentration in sperm cells by affecting calcium channels. The effects of the terahertz irradiation were weakened when we reduced the concentration of extracellular calcium ions by adding EGTA and when we blocked calcium channels by using nifedipine. However, the effect of terahertz irradiation did not completely disappear upon inhibition of calcium channels. Compared with no irradiation, terahertz irradiation can still increase sperm activity, suggesting that terahertz irradiation may act through other mechanisms. Similar to the study on visible light, the effect of light irradiation on sperm motility was mediated by a Ca 2+ influx. Moreover, this study also revealed other mechanisms such as ROS production and activation of protein kinase A and sarcoma protein kinase [18] . Another study concluded that visible light illumination can induce NO formation in sperm cells [2] . In addition, a study assessed the effect of radiofrequency irradiation on sperm cell surface adhesion proteins and found that the irradiation can upregulate the mRNA levels of cadherin-1 and interstitial cell adhesion molecule 1 [19] . Overall, differing from conventional molecular signaling pathways, irradiation does not affect only a specific downstream molecule or pathway. Irradiation causes changes in sperm motility through various mechanisms.
Though some preliminary results have been obtained in our study, in regard to the research on the mechanism underlying the effects of terahertz irradiation, we only observed briefly that terahertz irradiation may act by increasing the intracellular calcium concentration of sperm cells. Determining its effects on the whole calcium signaling pathway and the possibility of other effects, such as changing the activity of mitochondria, the production of ROS and the activation of other relevant proteins, needs further experimental research.
Conclusion
Terahertz irradiation can increase sperm activity, which may be achieved by increasing the concentration of calcium ions in the sperm cell. This result suggests that terahertz irradiation may be applied in assisted reproductive technology in the future and provide a new method and possibility for improving sperm activity in vitro, but further research on the mechanism and effect will be needed. We believe this study will lay a theoretical foundation for the future application of terahertz irradiation in assisted reproductive technology. Appendix B: Sperm motility after terahertz irradiation 
